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S variant expression appears t«. he Jcvclop- 
M mentally regulated, with the CI CMtne- 
containinB splice variants exhibiting in- 
>'•':.- creased expression levels around, and imme- 
:V diatcly after, the time of hirth, a time or 
intense synartogenesis in the mammalian 
CNS (17) The role of NR2 suhunits in the 
subcellular localization of NMOA iwcpam 
is unknown. The NR2 suhunits contain large 
COOH-terminal domains that are likely to 
contain additional targeting sequences. Reg- 
ulation of the cellular distribution, mem- 
, v Wane density, and cytoskeletal interactions 
|: : of NMDA receptors at the synapses may 
i£ prove to be important processes in both »yn- 
aptogenesis and in long-term alterations ot 
synaptic efficiency that underlie synaptic 
plasticity. 
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r^rn^ chain reaction ^ .ft 
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mission and Pf^S^SSS* a firdminenVPOStsyn- 

that the cytopta8n«c ^^ ^^ in PS D-95 binds to the sever^ 

aptic density protein PSD-95. Trie seconp \^^^^^. t ^ t ^.h t f^^!mm^ 
aminoacid.CCX3H-terminaldorr^ncon^ng^ 

X is aryaminp add ^^^^^^mmm 
forms. Transcnpte t^'^^^^^psD-^ in cultured rat hippocampal 
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NMDA receptors comprise a family of 
kmotropic glutamate receptors (I) with 
properties that indicate they have a central 
role in synaptic plasticity and memory for- 
mation (2). These «^ 
assembly of the principal suhumt NRI U> 
with different modulatory NR2 suhunits 
(NR2A-D) (4)- A conspicuous structural 

H,C. Komau and P. H. Seeburg . C^ertor w 
Sxogy (ZMBH). University of Heidelberg. INF 282. 
6^120 Heidelberg. Germany. e . 
L T. Schenker and M.B. Kenneoy, *^f*»™ 
CMwnialrtttitAiteofTecrin^ Pasadena. CA9H^ 

•To whom ccfrespciKJenre should be ^dressed. 
StiENCE * > : VOL 269 ; .• 22 SEPTEMBER 1995 



feature d the NR2 suhunits is their extend- 
ed, intracellular COOH-terminal sequent* 
distal w the last transmembrane region Ph , 
which may anchor the receptors or assemble 
a signal-transducing complex for the volt- 
age-dependent Ca 2+ entry thniugh the glu- 
tamate^activated ion channel (6). Thus we 
set out to identity intracellular proteins that 
hind to the NR2 suhunits at synapses. 
We used the two-hybrid *ystem_(^to 

identify such cellular ^W.^^.FPgP, 
terminal domain of NR2 ^«ts. , A 
consisting of the yeast GAMjHA'.JffJg; 
domain (amino adds 1 to HI)« uvAe 
entire COOH-terminal domain (62r,amino 
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.*. . - . - .. .v * -.. * — .* - 
acids) -of NR?A -(8) was e^res^ ftom a 
shuttle vector jntroduced into yeast, strain 
YPB2 (9). This strain was transformed with a 
rat-Brain compWmentary DNA (cT)N A) ex- 
pression library ( J O) constructed in plasmid 

53 AD (9) to produce proteins tagged on the 
H r terminus with the GAL4 activation 
domain. Library clones activating the ex- 
r pression of both the selection marker HIM 
t&'- and foe ^ 

m ^ ^r^screehr identified. ; a^plasmdv(pqAP: 
FSby with nearlynhe ehtire c^ingHregion 
(10) for the prominent postsynaptic density 
^tein PSD^5 (II. 12). .. 
^■'Td-deteraiihc whether other NRZ sup* 
units also interact with PSD-95, we con- 
structed baits consisting of CGO^ten^mal 
NK2 sequences tagged with the UAL4 
DNA binding domain. These were tested 
for reporter gene activation cotrans- 
fection of yeast with pGAD-PSD. We 
found that COOH-terminal sequences ot 
NR2B (Fig. 1 A) and NR2D (8) also inter- 
acted with PSD-95. dissection of the 
COOH-terminal NR2B sequences (Fig. 
1A) revealed that activation of reporter 

- genes depended on the presence of the sev- 
S*n Wino acids at the COOH-terminus. 
Plncieed, a bait constructed from synthetic 

^DNA enctxling only the COOH-terminal 

- seven residues (8) showed activity, identi- 
rvinc these residues as those* that mediate 

(^ interaction of NR2B with PSD-95. 
: These residues are conserved (Fig. I A) in 
the otherwise divergent c/toplasmic tails of 
the NR2 subunits (4). A similar sequence 
(PSYSTW) (13) occurs at the COOH- 
termini of NR1 splice forms NR1-3 and 
(H), which also interacted with 
P V i feb-95. Thus, it appears that the COOH- , acids of NR2b were mseneu hhu 
liv terminal domains, characterized by a ,ser ; p6 ^. 2 T ^Pharmacia) in-frame 
quence that we termed the tSXV motif the GST moietv. The fusion 

( J5), confer on NMDA rece^tt^rs the ability v 
^interact with PSD^5. v , ./ ( . 

• PSD-95 (tl) is a multidomain protein 
^itrvthree PEiZ;repeats (16), a Src homology 
^SH3) domain, and a 190-amino acid se- 
quence having homology to yeast guanylate 
kinase. To identify which part of PSD-95 
'interacts with the tSXV domain, we con- 
structed a library of fusion pmteins of the 
GAL4 activation domain with -500-bp 
DNA fragments randomly generated by son- 
Ication of pGAD-PSD (17). This tagged 
fragment library was transacted into yeast 
together with a vector encoding the tSXV 
sequence of NR2B appended to the GAL4 
; DNA binding domain, and yeast colonies 
were selected by histidine starvation. DNA 
/from nine selected^ amplified by 

^ tlte ^mer^ 
^laimid^^ 
S l^ 
ItK^enti 

indicates 
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NR2B 

839-1242 
10SS-1260 
1261-1309 
1310-1476 
1086-1476 
1086-1483 
1310-1482 
1434-1482 
1476-1482 



NR2A 
NR2B 
KA2C 
NR20 



^;i;interacttonotNMDArewp- 
tor NR2 : sutainits (4) arid PSD-95 
(76). (A)TrWNra,subunite^ a 
conserved COOH-temiina) se- 
quence that binds to PSD-95. A 
map of NR2: suburbs , includes the 
signal sequence (shaded), and re- 
gions of membrane insertion (filled 
boxes, Mi-4). The COOH-terrrtinal 
regions in NR2A-D differ in se- 
quence and length ■ ^as denoted by 
the ^ single : lirie>Shcwn :be1ow are. 
^merits of th^p^r^rninal re- 

. gion 6t NR2BV apj^ded to the 
GALA DNA ' binding ctornain (8), 
specified by amino -acid (aa) num- 
bers on the left with the methionine 
of the immature pdypeptide as the 
first residue. The ability of these fu- 
sion proteins to activate the selec- 
tion marker HIS3 and the reporter 
gene LacZ upon cotransfection 
with pGAD-PSD in yeast is listed on 
the right. Low levels of activity that 

could not be traced to a particular ^ .< mOH-terminal seven amino acids cpnf W 

sequence are indicated by (+). f°^V^ (73), witfvthe asterisk?! 

taining the tSXV motif m "fJ^ the second PDZ domain^ 
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Fig. 2. In vitro and cellular binding 
of NR2B COOH-terminal se- 
quences to PSD-95, (A) GST fu- 
sion proteins .(78), resolved by 
SDS^lyacrytamide gel electro- 
phoresis and stained 4 with Coo-, 
massie blue. Molecular size mark- 
ers are indicated on the left in kilo- 
daltons. DNAs encoding the 
COOH-terminal 49 and 9 amino 
acids of NR2B were inserted into 
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-87- 

-67- 
-55- 



fSXV-peptide ; 



with the GST moiety. The fusion „ .^.^.^.^^i^o^.n^lttSjgalacto^^ 
proteinsexpre^in^^ca^sft^^ 

purified on-fiMaWol^SeBh;^^ beads from fcytoplasmic:* 

with GST,' GST-NR2B49, and ^ N ^|S^^ 1 /20 of the amount 

extracts of HEK 293 ceHsexpressng PS>« (^ LmfcM ^Uiss of a tSXV motif containing M 
of extract 1 used in affinity p«cic^tions. ^^^S^S^ WW tail of NR2B iandl 

size markers {in kilodaitons) are shown for both (B)and(C). 



|3tS^^otif fo? ' PRZi as wellf^s^ 



ment for the complete PDZ domain. This 
selectivity was maintained when the three 
PDZ domains were expressed separately ( 17). 
Furthermore, the NR2B tSXV motif failed to 
hind to the single PDZ domain of neuronal 
nitric oxide synthase (II). Selective interac- 
tion [ with PDZ2 was also observed for the 
tSXV domains of NR2A, NR2C/D, and 
NR 1-3/4 (SI which indicates that all 
NMDA receptor subtypes (4) can hind PSD- 
95 ^ in spite of the se- 

; quench vaniion in their tSXV motifs. 



We sought independent evidence for the f 
interaction NR2B COOH-terminal se- 
quences with PSD-95. Fusion proteins of 
glurathione-S-transferase (GST) coupled 
with the COOH-terminal 49 residues or 9 
NR2B residues were hound to glutathione- 
coupled Sephanwe heads ( 18) (Fig.2A) and? 
were incuhated with HEK 293 cett 
containing full-length ttawite^lW 
(19). Protein hound to the GST-NR4>»;™- 
sion proteins was resolved on SDS-^% 
acrylamide gels and probed with a nv.mo-: 
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Glutemate receptors 
NMDAR2B(rat) 
NMDAR1r3/4(rat) 
GluR (Lymnaea) 
K + channels 
.-.S^-v , Shaker NB(Drosophila) 
l^fen^'-^l; RGKKrati* • . •. 

vkCc ... ;Na > channels: . .. 

- ■ >'a : wliiiit?:Slpctric,prgan<^ 
' a Sui^i Celiac muscle (rat) 
; , a suta0fetetal muscle (rat) 
:%?; G;prbte^^pted receptors 
:f r&fadrerwreceptpr 
- : .Serotonin ^receptor ; 2A(rat) 
-Serotonin receptor 2C (rat) 
ife ViP^e^6r(rat) 
CRF receptor (rat) 
v >Mai;(rat) • 
-Other receptors 
Tpjt iProsophila) 
p-^as (human) 
#;:-NGF receptor, p75 (rat) 

fascicfin II [Drosophila) ■ <) '< 
NR-CAM (chicken) 



l^:,- - V-CAM (rat) 



p?^RCK21o A 5^c#ry"^ ' 



P35439 
P26591 

.P08510/1 1 
P10499 

P02719 
PI5389 
P15390 

P180S0 
P14842 
P08909 
P30083 
P35353 
P12526 



P08953 
P25445 
P07174 
P34082 
P35331 
P29534, 



SSIESDV 
PSVSTVV 
SNTHTEV 

-VSIETDV 
SKLLTDV 

VVRESIV. 
RDRESIV- 
GVKESLV; 

FSSEskv 
NEKV.SC V 
SERISSV 
QAEVSLV 
IKQSTAV 
VSIETW 



NAKQSDV 

NEIQSLV 

STATSPV 

IGKNSAV 1 

NAMNSFV 

EAQKSKV 
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ife^unitsJhthebrain.WPoubfe 
^iocampaineur^ (23) with 

K^i^^^i^kJ^i«^VvK^th mror fnrAen channel) 



^ anffigSflSs' against ^bothT NR2B (green channel) 
^•^an^- PSD-95 (red -channel). Yellow indicates 
^tbverl^pping fluorescence. Pixels darker than 
I" 82% K. (where K designates black in the CYMK 
tScoldr ^system) Were iChaJigedto whiter 
^-cohtraslSBt eoup 1 0 ^mi;(B and q Enlarged 
InglSmages of the labeling patterns of antibody 
fepsi?-95 (B) and antibody to NR2B (C)from the 
...v-bbxed r^ibh in^^NotStte o f 
^brightly labeled spots along dendrites. Bar 
ll^ls 5 |Lfn. (D and E) In situ hybridization (24) 
|5ih horizontal sections of rat brain (P30) for tran- 
^' scripts encoding PSD-95 (D) and NR1 (E), the 
^4 principal subunit present in all native NMDA re- 
Kceptor channels (3, 4). OB. olfactory bulb; Cx, 
ff cortex; Hi. hippocampus; Cb, cerebellum. 



p€om\extracts :bf' HEK ,293 cells cotrar^ 
iected with expression vectors for PSp-95 
and the COOH-terminal region of NR2B 
(21), which indicates formation of the bi- 
nary complex in a cellular environment 
(Fi 2G) 

'loth the NMDA receptor NR2B sub- 
unit and PSD-95 are highly enriched in the 
postsynaptic density fraction from rat brain 
(Ji ( 22). They were found to co-localize 
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complexes with diverse .functions. ; A 4ata-;v 
base search retrieved numerous o^er^ceip^ '- ^ m 
tore and channel proteins with a tSXV nidtif ; 



(Table 1). Although interaction of these 
with proteins carrying rTO^ 
speculative at this time, members of a yok T 
age-gated K^ channel family piresent a likely 
case, reminiscent of that documented here 
for NMDA receptors. Rat RGK subunits en- 

?n 77V Th^v were found to co-localize coded by distinct genes (25) terminajc ; in 
(Ji ( 22). They were touna to to / a j \ ce vanan ts \%^®m 

when cultured S2K«rf^ M 



that naa virtuauy iuciuiwn.«»^ - — 
Furthermore, in situ hybridization in rat 
brain (24) demonstrated that PSD-95 tran- 
scripts are highly expressed in most neuro- 
nal populations (Fig. 3D), as are transcripts 
for NMDA receptors (3, 4) (Fig. 3E). Thus, 
these proteins have the potential to interact 
in most, if not all, central glutamatergic 
synapses. We postulate that partnership be- 
tween PSD-95 and NMDA receptors is im- 
portant in the assembly of multiprotein 
complexes involved in NMDA recepior- 
mediated synaptic plasticity (2). 

Our data identify the tSXV and PDZ 
domains as modular protein binding inter- 
faces. The PDZ domain occurs singly or mul- 
tiply in a family of intracellular proteins, 
most of which are localized at specialized 
sites of cell-to-cell contact, including synap- 
tic sites as well as septate and tight junctions 

the assembly of submembranous protein 
SCIENCE i4^0lr ?69 ;•• ' ;U ; SEPTEMBER 1995 

- . , , ,. , - '<*'.'■',-/<■■ -\ . * t-iyJ % -.ii^f" -sv>i > - \-» - . -.v -* if '''v.- ' -■ 

lil^^^ ^^^^^ ^ *-<"**r***r n Til... 



bcbnal antibody to PSD-95 (20). Both 
| GST-NR2B fusion proteins bound PSD-95 
- to the same extent, whereas no PSD-95 was 
I recovered by GST alone (Fig. 2B). Further- 
more, the presence of a synthetic peptide 
^containing the tSXV domain of NR2B pre- 
vented PSD-95 binding to the GST-|NR2B 
Sifosion proteins (^ whereas no intej- 

l&ference was observed with a control peptide 
%(19). We also found that the NR2B-PSD- 
||95 complex could be immunoprecipitated 
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^th<&WV^^ M : 

_ .yd- *<w^^^ 

mi * oGADC3iH5(9) ^from .M^:"P?*SMi!W ^T* 
Brtefly^^ 

/random: ^mer tewlngVa; 5' :Xho ^ sttev (5 - 
^^QCTCTanrCGAQCNNNNNNN-3'). and ECO 

Ra^'-<^CG<^TCTCQG^7were ad^othe 

^er^c^ 
: xto.l,/^^ 

SS^gekrma^^x lOBctdnes; ^%;of the ptas- 



<~,:.V.-V. 



DNAfraglmente: 

niids Vetrtewed' .. 
; tk^c^»to 

^otNR2B. ?ra^^ , 

gam -MM mm^TO&mWWg; 
GATC-3') and: T7^fc^^ 
AG<&(& : 3>flan^^ 

The semiencesftf the ^ed;ampttfted DT^ were 
d»aned to-PSD-95\The\ s ^ 
PSD-95; eno neuronal /rttrtc.o^^ 
FW-am^ anddoned in pGAD, were testejfor 

re^gerof^on 

with ^BT-clq^ rSXV domains from the different 
NMDA receptor subW.s (8). , . 

1 s^OiB^S^ andK S.ypjvrs^ 
■'-! ?' ^^^Ifjr-i^^ In aeukarvotta 



K "^M ran^ ■ ? " ^l^^S^r^^Schan ^^^61^361 



S,wiV5-* . ■ V-'" ' 



werepte^ 
tolazble^ selective W 

^^IP^lBBartel^; ,^R;StemoJanz,S. 

C^ir///ifemc n 180 " 

^ressl^d^WW^^ 
;after:5^.v^ 
bresslon • pG^ 
c^eswereretrar^r^ 

- . pGBT, pGB^rN^ (7) 

^sp^^ the<xxJingre- 

: ^oEDGHttermlffl * . ^ ft 

:A: Hunt, M. B. Kennedy. A/euror) 9. 

■■■■ 13:- Abbrevlatibns for the, amino add resio^ are as 
(oBows: a; Ala; C, Cys: D, Asp; E, Gtu; F, Ph* £,GV; 

'(S.TJXv^; Rettemtlve Hbf^ searches best reWeved 
Mother trecejptorsrahd c^ 
ternTin^'se^<« (Table 1 single-letter 

coci^ with (S,T^ ^ 
' Wisiis was o^signrt as the tSXV nxrtif, and S and 

T bwartance is ccfnpatible with prwsphorylation. 
16. POZ ctomains span;^ 

were first ciflned as !a-8e^; : *reiie8»,ln PSD« 
(GiiSr* repeatsHf f; 13). Tiw PDZ domain is present 
h several IftonTotogous pro*efrre. including discs 
large, a DrosophBa septate junction protein [D. r. 



houritha^ - 

andn«^ ■ 
idoo)Qirt ^Aiicij^ 1 ' 

a final volume of 300 ^.a^.lrH^^ 
with^giinaWne^^ 

Gsr fusion '^^M^^mtmss;^^ 

ojrrtrblFiep^ 

were washed thVee'tirnes of PBS and 0.1% 

Triton X-100, ^ bound p^ein v^ by 

oetswertfpr^ 
> ant^ 7B3.1B8 (1 V500) (f 9) to PS^;- * 

20. Mouse ^mo^ 

Immunoblots) and 6G6-1C9 (used for ; irmnu^to : 

; c*tem!8ti^were ^ [G. K6h^ 
^ 258, 496 (1975)] after irr^l^ v^ re- 
combii^ P^-W i^ein (f ^mM^S^ ^ 

same ^ ^ ^^MW^S^ 01 
tjralnhomc^te^asth^ 

purified ibM antteew 

antibooV 
was isolated after, immuntea^ 
dues 1325t61461p;J.iaurte t I.Bart^^K 
joke, R H: Seebiirg, urip^A^shed 
antiserum to the ODCDH-ternrtfeuis of NR2B was pm- 
p^byimmuitottori 

St and NR2B residues 1 149 to 1482. This serum 
(1 : 2000) recognizes a single, 1 80-kO band on pro- 
tein immunoblots of rat brain homogenates. 
21. HEK 293 ceils were (x^transfected with ^tofs for 
full-length PSD-95 and a 397-residue NR2B 
polypeptide of the COOH-terminus. Cytoplasmic ex- 
tracts from these ceBs (extract 2) and from <^ ex- 
pressing PSD-95 (extract 1) were diluted In PBS. ire 



,;andjrx^ea r p^^^^'^ 
-'aht^ 
,Orgaw,T^:and : ^^^ 

; trie fewashes,^^ 
vLSM3i6laser^^ 

Kix oB irnnSers^lensat64s^^^ 

wasexc^Bl-543W^ 

images^ 
fiitefsat^trast^se^ 
between the tvw channels was negfigibje^ten cpm^ 

bine^an^;displa^.^w^ 
agesfrom cultures in :yto^ 
versed ■ showed the same:::cc>-.loca|izatlprr^ F^eabr j r 
sorptobftrSprim^antl^^ 
tive antigen proteir«.^ 

,;staining 1 of disc^asp^^jt^^r^^^ 

^^^^ 



omise _ , 

1 ^^tfflfes^at^ 



i Dreaowruw^antibocVitOv; 

^dendrftici^^ 
corded after ■tncuba^c^^ 
anttbc^^riere^nr^^ 
'pre^br^:pr^^ 
24. In situ hyWoTzaifcxvlW. Vvlsdeh, ^J^^ 
Hunt,A^ecti^/S^^ 

1991V PP. ■206^2251 wast performed m;honzc^v|| 
sec^ofpostr^c^r^^ 
c^uclec^;:i5^CGCCT^^ 
rrrcATACrCCA-TCTC-3: and 5'tGTTTATO?TGAG ^ 

codons 60 to 70 and 383 to 393. TTieseyieWe^ Uerv^ 
tlcai patten* arid had 12 and 9 n^chesjj^p^^ 
lively, tothesequerwre^^ 
• : •ffipW^cro^-l^^^ 

tons used;;The pattern for lr» pnncipa) aAunHW 
13) generated by the NRI^an. Pjgonwp., J. l^jw v 
Sl^^Seeburg. \^mM^^tM^^ 
. .resernbte^ 

? . son {4}, ; v : : - ■ * -j. \ - ^ ^. v ^ *= ■ /. ;;t: f M<$ 
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